1 2 Comparison of structurally-related alkoxide, amine, and 3 thiolate-ligated M II (M = Fe, Co) complexes: The influence 4 of thiolates on the properties of biologically relevant metal complexes 5 Abstract 13 Mechanistic pathways of metalloenzymes are controlled by the metal ion's electronic and magnetic properties, which are tuned by the 14 coordinated ligands. The functional advantage gained by incorporating cysteinates into the active site of non-heme iron enzymes such as 15 superoxide reductase (SOR) is not entirely understood. Herein, we compare the structural and redox properties of a series of structurally-16 related thiolate, alkoxide, and amine-ligated Fe(II) complexes in order to determine how the thiolate influences properties critical to func-17 tion. Thiolates are shown to reduce metal ion Lewis acidity relative to alkoxides and amines, and have a strong trans influence thereby 18 helping to maintain an open coordination site. Comparison of the redox potentials of the structurally analogous compounds described 19
Introduction

28
Cysteinate-ligated metalloenzymes and metalloproteins 29 promote a number of critical biological processes [1] [2] [3] [4] [5] [6] [7] [8] [9] [10] [11] [12] [13] [14] [15] [16] . 30 Mechanistic pathways are controlled by the metal ion's 31 electronic and magnetic properties, which are tuned by the 32 coordinated ligands, and subtly altered by H-bonding inter- 33 actions within the protein. Supporting ligands play an  34 important role in determining function by controlling a 35 metal-ion's redox potential, as well as the basicity of bound 36 substrates. Our group has put considerable effort into deter-37 mining how coordinated cysteinate residues might control 38 the chemistry taking place at the active-site of a metalloen-39 zyme. Cysteinates are known to form highly covalent bonds 40 to transition-metals [17, 18] and facilitate electron transfer 41 reactions [19, 20] . Our work has shown that thiolate ligands 42 make low-spin iron accessible even in a non-heme environ-43 ment [21] [22] [23] , stabilize iron in the +3 oxidation state [21-44 23] , and labilize sites trans to the thiolate thereby promoting 45 reactivity by releasing product [24] , even with low-spin 46 Co(III) which is typically inert [25, 26] . Recently, we showed 47 that the thiolate ligand of a biomimetic superoxide reductase [24] . Superoxide reductase, peptide 55 deformylase, and nitrile hydratase occupy an unique niche 56 amongst known non-heme enzymes in that they contain 57 cysteinate ligands, as opposed to the more frequently 58 encountered nitrogen and oxygen based ligands. The func-59 tional advantage gained by incorporating cysteinates is not 60 entirely understood. By systematically replacing a single 61 atom or functional group within identical ligand frameworks 62 and comparing the structural and redox properties of the 63 resulting iron complexes, we hope to address this question. 64
For this purpose, we synthesized alkoxide and amine ana-65 logues of our functional SOR models [Fe II (S Me2 N 4 (tren))] + 66 (1; tren = tris (2-aminoethyl)amine) and [Fe II (cyclam-67
PrS)] + (5). Herein, we examine and compare the structures, 68
and electronic, magnetic, and redox properties of this series 69 of structurally related complexes. We also compare primary 70 versus secondary versus tertiary amines, and structurally 71 analogous complexes containing Co(II) versus Fe(II) to 72 observe how the metal ion, amine basicity, and steric bulk 73
influences key properties critical to metalloenzyme function. (O-79 Me2 N 4 (tren))(H 2 O)](PF 6 ) (2) [28] , [Fe II (cyclam-PrS)](BPh 4 ) 80 (5) [24] , and [Fe II (S Me2 N 4 (tren-Et 4 ))] + (8) [29] , as well as 81 3-Boc-cyclam and cyclam-PrSAc AE 4HCl [24] , were synthe-82 sized as previously described. All other reagents were 83 obtained from Aldrich and used without further purifica-84 tion. Solvents were purified through standard procedures 85 [30] . 3-Methyl-3-mercapto-2-butanone was prepared accor-86 ding to a published procedure [23] . NMR spectra were 87 recorded using Bruker AV-300, AV-301, or DPX 500 spec-88 trometers and referenced to the residual protio solvent. 1 
110
A solution of tren (0.584 g, 4 mmol) was dissolved in 111 10 ml of dry methanol, followed by the addition of diet-112 hylaminoacetone (0.532 g, 4.00 mmol). This solution was 113 allowed to stir for 10 min. Fe(II)Cl 2 (0.504 g, 4.00 mmol) 114 was dissolved in 5 ml of dry methanol and added to the 115 ligand mixture dropwise, immediately producing a yellow 116 precipitate. NaPF 6 (1.34 g, 8.00 mmol) was added and the 117 reaction mixture was allowed to stir overnight. 207 Sodium methoxide (170 mg, 5.00 mmol) and Cyclam-208 PrSAc AE 4HCl (200 mg, 1.00 mmol) were dissolved in 209 15 ml of methanol, allowed to stir for 30 min and cooled 210 to À30°C. CoCl 2 AE 6H 2 O (82 mg, 1.00 mmol) was dissolved 211 in 5 ml of methanol, cooled to À30°C and added dropwise 212 to the cold ligand while stirring. A pink solution is formed 213 instantly. Sodium tetraphenylborate (216 mg, 1.00 mmol) 214 was then added in 10 ml of methanol and the solution 215 was stirred overnight. The solution was filtered, the filtrate 216 was concentrated to 5 ml, layered with ether (25 ml) and 217 cooled to À35°C to yield pink crystals. Yield: 46 A bi-refringent yellow crystal prism of 3 was cut down 229 to 0.24 · 0.12 · 0.12 mm and mounted on a glass capillary 230 with oil. Data was collected at 23°C on a Nonius Kappa 231 CCD diffractometer. The crystal-to-detector distance was 232 set to 30 mm and exposure time was 15 seconds per degree 233 for all data sets with a scan width of 1.8°. The data collec-234 tion was 98.6% complete to 24.71°in #. A total of 20 518 235 partial and complete reflections were collected covering 236 the indices, h = À15 to 16, k = À21 to 21, l = À10 to 10. 237 Reflections (3472) were symmetry independent and the 238 R int = 0.116 indicated that the data was of less than aver-239 age quality (average quality = 0.07). Indexing and unit cell 240 refinements indicated an orthorhombic P lattice in the 241 space group Pna2 1 (no. 33). Data was collected at room 242 temperature because a slow splitting of peaks was observed 243 upon cooling the crystal. The splitting of peaks appeared to 244 indicate that a low temperature crystallographic phase 245 transition was occurring, though no structure of this phase 246 could be obtained. This does, however, explain the large 247 thermal parameters of several atoms in the structure. Fur-248 thermore, the BASF parameter indicates the crystal is com-249 prised of approximately 46% of the inversion twin of this 250 structure. 251 A red prism, size 0.44 · 0.38 · 0.27 mm of 4 was 252 mounted on a glass capillary with oil. Data was collected 253 at À143°C. on a Nonius Kappa CCD diffractometer.
254 The crystal-to-detector distance was set to 30 mm and 255 exposure time was 15 seconds per degree for all data sets 256 with a scan width of 2°. The data collection was 99.8% 257 complete to 25°in #. A total of 20 162 partial and complete 258 reflections were collected covering the indices, h = À13 to 259 13, k = À15 to 17, l = À15 to 15. Reflections (3700) were of 47 402 partial and complete reflections were collected 285 covering the indices, h = À12 to 12, k = À23 to 26, 286 l = À28 to 28. Reflections (8679) were symmetry indepen-287 dent and the R int = 0.0738 indicated that the data was of 288 average quality (average quality = 0.07). Indexing and unit 289 cell refinements indicated a primitive monoclinic lattice in 290 the space group P2 1 /c (no. 14). 291
The data for 3, 4, 6, and 7 were all integrated and scaled 292 using HKL-SCALEPACK, and an absorption correction was 293 performed using SORTAV. Solution by direct methods (SIR 294 97; default 4) produced a complete heavy atom phasing 295 model consistent with the proposed structure. All non-296 hydrogen atoms were refined anisotropically by full-matrix 297 least-squares methods, while all hydrogen atoms were ini-298 tially located in a difference Fourier map and were refined 299 with a riding model using a riding model. Crystal data for 300 3-4, 6-7 is presented in Table 1 . Selected bond distances 301 and angles are assembled in Table 2 [24] , and [Fe II (S Me2 N 4 (tren-Et 4 ))] + 316 (8) [29] were synthesized as previously described. Thio-317 late-ligated [Co II (S Me2 N 4 (tren))](Cl) (4) and [Co II 318 (cyclam-PrS)] + (7) were synthesized via a similar route 319 using CoCl 2 or [Co(H 2 O) 6 ]lCl 2 in place of FeCl 2 . Thio-320 late-ligated 8, which is a tertiary amine derivative of our 321 functional SOR model 1, was synthesized in order to deter-322 mine if the amine N-H protons or H-atoms were involved Table 1 Crystal data, intensity collections a and structure refinement parameters for [Fe II (N Et2 N 4 (tren))(Cl)](PF 6 ) (3), [Co II (S Me2 N 4 (tren))](Cl) (4), [ synthesized as described elsewhere. 28 The cyclamPrOH AE 326
HCl ligand of alkoxide-ligated [Fe II (cyclam-PrO)] + (6) 327 was pre-assembled via a four step synthesis (outlined in 328 Scheme 1), analogous to that previously reported for 329
cyclam-PrSAc AE 4HCl [24] . For the sulfur-containing 330 ligand, the thiolate must be protected (as a thioacetate 331 group) throughout the synthesis to prevent oxidation of 332 the thiol and also to inhibit its propensity to oligimerize. 333
For the alcohol-substituted ligand, no protecting group 334 was needed for the alcohol. The alkoxide complex [Fe II (cy-335 clam-PrO)] + (6) was prepared via in situ deprotonation of 336 the alcohol and amines using five equivalents of sodium 337 methoxide, followed by the addition of FeCl 2 and NaBPh 4 338 in MeOH. Recrystallization from MeOH/Et 2 O afforded 339 analytically pure 6 as a white solid. The ESI-MS spectrum 340 of this solid redissolved in methanol shows the major peak 341 at m/z = 312.9, consistent with a 5-coordinate geometry for 342 the iron-containing cation. This structure was confirmed by 343 X-ray crystallography. Amine-ligated [Fe II (N Et2 N 4 (-344 tren)(Cl)] + (3) was synthesized via the FeCl 2 -templated 345 Schiff-base condensation between tris (2-aminoethyl)-346 amine) (tren) and diethylaminoacetone in MeOH Scheme 2. Table 2 . ORTEP diagrams of 3, 4, 6, and 7 are 353 shown in Figs. 1 and 2 . In contrast to the other structures, 354 X-ray data for 3 was collected at ambient temperature 355 because a phase change occurred at lower temperatures, 356 thus the significantly larger thermal ellipsoids (Fig. 1 ). Alk-357 oxide and amine-ligated 2 and 3 consistently crystallize as pying the sixth site ( Fig. 1, Scheme 1) . In contrast, all of the 360 thiolate-ligated complexes 1, 4, 5, 7, and 8 remain five-361 coordinate, even in the presence of coordinating solvents 362 or a Cl À counterion. This suggests that the metal ion Lewis 363 acidity is lower for thiolate-ligated 1, 4, 5, 7, and 8, and 364 greatest for amine and alkoxide-ligated 2 and 3. The notice-365 able trans influence of the thiolate [25, 34] could also be a 366 factor partially responsible for the low coordination num-367 ber. Amine-ligated 3 (Fig. 1) would be a dication if the 368 Cl À anion were not incorporated into its primary coordina-369 tion sphere, explaining its higher affinity for Cl À . This is in 370 contrast to all of the other molecules included in this study 371 in which charge is conserved to afford monocationic metal 372
complexes. The fact that the Cl À counterion of 4 ( Fig. 1) [35] [36] [37] [38] .
399 Why alkoxide-ligated 6 does not bind a sixth ligand, 400 whereas 2 does, is unclear. The secondary versus primary 401 amines may be responsible (by lowering the metal ion 402 Lewis acidity), although the redox potentials (vide infra) 403 imply that this is not the case. Ligand constraints favoring 404 a distorted trigonal bipyramidal geometry may also be 405 involved. This was the explanation given for the consis-406 tently observed five-coordinate structure of the first-row 407 tren-ligated [M II (tren)N 4 S Me2 ] + (M = Mn, Fe (1), Co, Ni, 408 Cu, Zn) series recently reported by our group [16] . The fact 409 that alkoxide and amine-ligated tren complexes 2 and 3 410 afford six-coordinate structures would appear to rule this 411 out. On the other hand, it may be that the cyclam ligand 412 of 6 constrains the geometry to be five-coordinate when a 413 metal ion that is too large to fit inside the macrocyclic cav-414 ity is involved. The high spin Fe 2+ ion of 6 (vide infra) 415 would be larger than the preferred low-spin Fe 2+ , or oxi-416 dized Fe 3+ . 417 With the exception of 5, the five-coordinate structures 418 are all tetragonally distorted trigonal bipyramidal 419 (s = 0.47-0.67) approximately half-way between square 420 pyramidal (s = 0.0) and trigonal bipyramidal (s = 1.0). 421 Thiolate-appended cyclam-ligated 5 is much closer to 422 square pyramidal (s = 0.13). The X = S, O, N heteroatom 423 occupies the apical position of the tren-derived complexes 424 (1, 4, and 8) , and the equatorial plane of the cyclam-425 derived complexes 6 and 7. The Co II -cyclam complex 7 426 crystallizes as the less frequently encountered trans-V 427 (R, R,R, R) isomer, whereas 5 and 6 are both isolated as 428 the more common trans-I (R, S, R, S) isomer. The trans-I 429 configurational isomer is the most stable isomer for five-430 coordinate cyclam complexes. 431 For the five-coordinate structures, the alkoxide Fe-O 432 bond (1.906(2) Å in 6) is significantly shorter than the thio-433 late Fe-S bonds (range: 2.286(1) Å (in 5) -2.3281(9) Å (in 434 1)), as one would expect based on differences between the 435 covalent radii of O versus S. The alkoxide Fe-O bond 436 (2.001(1) Å ) for the six-coordinate structure 2 is longer 437 than that of the five-coordinate structure 6, as expected 438 based on the size difference of 5-versus 6-coordinate metal 439 ion radii [39] . The tertiary amine Fe-N(5) bond of six-coor-440 dinate 3 (2.293(5) Å ) is longer than the tertiary amines of 441 five-coordinate 5 (2.181(4) Å ), 6 (2.225(2) Å ), and 8 (mean: Fig. 1 . ORTEP of [Co II (S Me2 N 4 (tren))](Cl) (4) and the cation of [Fe II (N Et2 N 4 (tren))(Cl)](PF 6 ) (3) showing that Cl-binds to the amine-, but not the thiolate derivative. All hydrogen atoms, with the exception of the amine hydrogens, have been removed for clarity. in coordinating solvents.
479
The iron complexes 1, 2 [28, 40] , 3 (l eff = 5.23 BM; Fig. 4 ), 480 5, [24] 6 (l eff = 4.79 BM; Figure S -2), and 8 [29] are all high-481 spin S = 2 both in the solid state and in solution. This is irre-482 spective of whether the fifth ligand X (Table 2) is an alkoxide, 483 thiolate, or amine (Fig. 4) . The cobalt complexes 4 484 (l eff = 4.05 BM), [16] and 7 (l eff = 3.97 BM; supplemental) 485 are both high-spin as well with an S = 3/2 ground state over 486 the temperature range 4-300 K. 
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No. of Pages 9, Model 5+ Comparison of the redox potentials (E 1/2 ; Table 3 ) of 8 515 versus those of 5 and 1, shows that a cathodic shift in the 516 redox potential by +275 mV upon replacement of primary 517 amines with secondary amines, and +610 mV upon 518 replacement of primary amines with tertiary amines. Ter-519 tiary amines stabilize iron in the +2 oxidation state, 520
whereas primary amines stabilize iron in the +3 oxidation 521 state, and secondary amines fall somewhere in between. 522
Comparison of the redox potential (E 1/2 ; Table 3 ) of 1 523
versus that of 3, shows that the replacement of a thiolate sul-524 fur (X in Table 2 ) with an amine nitrogen causes the poten-525 tial to shift cathodically, by +503 mV. In contrast, 526
replacement of the thiolate sulfur in 1 with an alkoxide oxy-527 gen in 2 causes the potential to shift in the opposite direction 528 (i.e. anodically). The redox potential of the water-ligated 529 alkoxide complex 2 (Scheme 1) is pH-dependent, shifting 530 anodically by $60 mV/pH unit, most likely because the 531 coordinated water readily deprotonates. 28 At a higher pH, 532 the potential is more anodic (E 1/2 (pH = 10.6) = À420 mV), 533
while at a lower pH it is less anodically-shifted (E 1/2 534 (pH = 6.8) = À285 mV), consistent with increased charge 535 build up at the metal center under more basic conditions, 536
where a neutral hydroxide-bound derivative would form. 537
Although the ligands are conserved with only minor changes 538 to the apical X-atom, the coordination numbers differ for 1 539
(5-coordinate) versus 2 (6-coordinate) and 3 (6-coordinate), 540 making these comparisons somewhat less valid. One would 541 expect the redox potential to shift anodically in response to 542 an increase in coordination number, implying that 3 would 543 have an even more cathodically shifted potential in the 544 absence of the sixth (Cl À ) ligand. Alkoxide-ligated 2 would 545 have a less anodically shifted potential in the absence of its 546 sixth (H 2 O) ligand. Another property influencing redox 547 potentials is overall molecular charge. Molecular charge is 548 conserved for 1, 2, and 3 -all are monocations. This would 549 not be the case for 2 at higher pH where deprotonation of the 550 water would afford a neutral hydroxide-bound species, or 551 for 3 in the absence of the Cl À ligand where instead a dicat-552 ionic (2+) species would form. 553 In summary, comparison of redox potentials indicates 554 that the tertiary amine tren-ligands of 3 and 8 stabilize iron 555 in the +2 oxidation state, whereas the alkoxide tren-ligand 556 stabilizes iron in the +3 oxidation state. The primary amine 557 thiolate tren-ligand falls somewhere in between, favoring 558 the +3 oxidation state more than the amine, but less than 559 an alkoxide. Thiolate-ligated [Fe II (S Me2 N 4 (tren))] + (1) is a 560 better reducing agent than thiolate-ligated [Co II (S Me2 N 4 (t-561 ren))] + (4), and stabilizes iron in the +3 oxidation state, 562 and cobalt in the +2 oxidation state. Within the cyclam-563 ligated series 5-7 similar trends are observed. Replacement 564 of the apical thiolate of [Fe II (cyclam-PrS)] + (5) with an api-565 cal alkoxide in [Fe II (cyclam-PrO)] + (6) causes the redox 566 potential to shift anodically by À100 mV, and replacement 567 of the Fe 2+ ion of 5 with a Co 2+ ion (in 7) causes the redox 568 potential to shift cathodically by +765 mV. 569
Summary and conclusions
570
Comparison of the structurally-related derivatives 571 described herein, and elsewhere [23, 26, 43] , shows that thio-572 late ligands reduce metal ion Lewis acidity relative to alk-573 oxides and amines, and have a strong trans influence 574 thereby helping to maintain an open coordination site.
575 With an open coordination site, the metal ion is accessible 576 so that substrates can react via an inner sphere mechanism. 577 Comparison of the redox potentials of the structurally 578 analogous compounds described herein indicates that the 579 higher-valent Fe 3+ oxidation state is favored most by alk-580 oxide ligands, and least by amine ligands. This fits with 581 what one would expect based on the hard-soft acid-base 582 classification of metal ions and ligands (Lewis acids and 583 bases) [44] . Thiolates favor Fe 3+ more than amines but less 584 than alkoxides. This is somewhat surprising given that sul-585 fur is usually considered to be a soft Lewis base, and Fe 3+ a 586 hard Lewis acid. As shown previously however [45] , exten-587 sive p-interaction and delocalization stabilizes the Fe(III)-588 S bonds more than one would anticipate. For a redox 589 active iron enzyme to function as a catalyst capable of 590 reducing substrates, both the Fe 3+ and the Fe 2+ states must 591 be accessible. Although a catalyst with a more anodic 592 potential would be a more potent reducing agent, an exces-593 sively anodic potential would result in an inaccessible cat-594 alytically active reduced Fe 2+ state [46] . Since an open Table 3 Comparison of redox potentials for thiolate, alkoxide, and amine-ligated M(II) complexes E 1/2 (vs SCE) oxidation (mV)
[Fe II (S Me2 N 4 (tren))] + (1) À200 [Fe II (S Me2 N 4 (tren-Et 4 ))] + +410 (irrev.) [Fe II (O Me2 )N 4 (tren)(H 2 O)] + (2) À285 (pH = 6.8, irrev.) À420 (pH = 10.6, irrev.) [Fe II (N Et2 N 4 (tren)(Cl))] + (3) +303 [Co II (S Me2 N 4 (tren))] + (4) +270 (irrev.) [Fe II (cyclam-PrS)] + (5) +135 [Fe II (cyclam-PrO)] + (6) +35 [Fe II (cyclam)(MeCN) 2 ] 2+ +700 [Co II (cyclam-PrS)] + (7) +900 (irrev.)
